Joint impact trauma has been shown to cause fissures, fibrillation, and other structural damage of the cartilage or subchondral bone. Previous studies used impact energies sufficient to fracture the underlying bone. Under these circumstances, the initial influence of impact trauma on cellular components and cartilage structure is unknown. The goal of this study was to determine whether an impact trauma first causes cellular or structural damage to a cartilage layer. Such damage might be the starting point of degenerative changes found in osteoarthrosis. Porcine patellas (n ‫؍‬ 12) were subjected to standardized low-impact loading of three magnitudes with a spherical impactor attached to a drop tower device (0.06, 0.1, and 0.2 J). India ink staining and scanning electron microscopic analysis were used for analysis and showed no evidence of gross structural disruption. Chondrocyte viability assessed with thiazole blue staining and propidium iodide counterstaining was reduced significantly in the tangential and middle zones with increasing impact energy. These results indicate that chondrocyte death may precede excessive structural damage reported in earlier studies and might be a crucial factor in posttraumatic osteoarthrosis.
Joint impact trauma frequently is sustained through accidents involving falls or direct blows to the joint. Impact trauma is seen in the subtalar joint and ankle after falls from heights, and frequently is associated with fractures of the calcaneus and distal tibia. 15 Despite careful early surgical reconstruction, development of posttraumatic osteoarthrosis frequently is a late consequence of joint impact trauma leading to disability and subsequent surgical intervention ( joint arthroplasty and replacement by prostheses). Links between one traumatic event and osteoarthrosis have been reported. 4, 8, 9 However, the cellular pathways underlying progressive cartilage destruction are unknown.
Some experimental animal studies reported changes similar to those found in early osteoarthrosis after impact trauma. 13, 18, 27 These structural changes include surface fibrillation, thinning of cartilage, disturbance in fiber arrangement, subchondral sclerosis, and decreased mechanical stiffness of cartilage. Progressive degeneration after initial structural damage may be related to modifications of the mechanical environment or tissue properties. In addition, ongoing structural damage may be associated with biochemical processes after the traumatic event, 7 which augment posttraumatic changes.
However, the relationship between a traumatic event and cellular and ultrastructural damage of cartilage is unknown. Impact studies on cartilage plugs identified energy levels at the critical threshold to cellular viability but were sufficient to fracture a human femoral shaft. 22 Jeffrey et al 10 used impact energies from 0.2 to 1 J and found chondrocyte viability to be decreased linearly with increasing impact energy. However, these findings were limited to cartilage plugs and may not reflect the initial damage experienced by intact joint cartilage. Investigation of repetitive impact loading proved a structural realignment of the cartilage fibrils in a radial orientation. 3 In these studies, 3, 10, 22 histologic findings reflect macroscopic and microscopic damage of the cartilage layer that may be related partly to the fact that cartilage pieces, rather than intact structures, were tested. Studies concentrating on structural changes attributable to impact loading found that microdamage of the underlying bone stiffens the composite of cartilage and bone and concluded that this may enhance degeneration of the cartilage layer. 2, 21, 30 In vitro 2,3,10,22,30 and in vivo 21 studies focused on cartilage damage at load levels sufficient to fracture the underlying bone or cause macroscopic fissures and fibrillation of the cartilage layer. More recent investigations showed that compressive overload damages the cartilage surface before the subchondral bone 1 and that subtle damage to the matrix can occur even before the cartilage surface is damaged. 6, 28 The use of cartilage explants that are separated from the subchondral bone and surrounding tissue is debatable. Conclusions on failure stresses should be drawn carefully because the failure mechanism of explants may be substantially different than the clinical situation, such as the impact experienced in cartilage adjacent to a tibial head fracture. Knowledge concerning the effects of the initial trauma on cells and microstructures would help to distinguish between cartilage areas that are capable of surviving by undergoing self-repair and those that are irreversibly destroyed.
The current study addresses the hypothesis that a minor impact trauma is capable of destroying cartilage integrity by significantly reducing cell viability. The goal of this in vitro investigation was to determine and quantitatively analyze which impact trauma magnitude causes immediate cellular and structural damage to the cartilage layer. Understanding the initial cellular damage may help to find the missing link between traumatic impact and damage of cartilage layers in posttraumatic joint diseases such as trauma-induced osteoarthrosis.
MATERIALS AND METHODS
From six skeletally mature Yucatan minipigs, 12 to 14 months of age, 12 fresh patellas were harvested within 1 hour after sacrifice. The patella was dissected from surrounding soft tissues and kept wet during the entire preparation. Using a previously described protocol, these specimens immediately were put in Dulbecco's modified Eagle's medium (Gibco Lab Inc, Grand Island, NY) supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin-fungizone, and placed for a maximum of 5 hours in an incubator at 37Њ C until mechanical testing. 25 A similar protocol for cell preservation was used to conserve cartilage vitality for at least 150 days. 5 Mechanical testing was done within 12 hours after sacrifice. Throughout the impact testing procedure and preparation of specimens, the cartilage was kept moist using culture medium to prevent tissue dehydration. A special drop tower was used to drop a known mass (0.1 kg) from various heights onto an impact head resting on the articular surface of the fixed patella ( Fig 1) . The impact device consisted of a smooth steel rod, allowing a doughnut weight to slide freely downward. A horizontal bar transmitted the load from the weight onto a metallic semispheric impactor (radius, 5 mm) that rested on the tissue surface.
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Chondrocyte Death Precedes Matrix Damage Before impact testing, each patellar surface was apportioned into equally sized quadrants (area of quadrant, approximately 200 mm 2 ). Using the drop tower device and a random order, three quadrants were impacted with energies of 0.06, 0.1, or 0.2 J, whereas the remaining quadrant served as a nonimpacted control. The force was measured at 60 Hz during the impact by means of a force plate (accuracy, 0.01 N; HBM EF7A, Darmstadt, Germany) situated at the bottom of the impact device (Fig 1) . The specimen was rigidly attached to this force plate to avoid any side movements during testing. The displacement was recorded at 60 Hz by means of an inductive displacement transducer (accuracy, 0.01 mm; HBM WSF/20 mm, Darmstadt, Germany). The displacement transducer was attached to the top of the steel rod (Fig 1) . The readout of the displacement transducer reflected the elastic and plastic deformation of the tissue. Reproducibility of the impacts was determined from the force and displacement readings. Assuming Hertzian analysis, which is capable of determining the regions affected under impact, the contact area was approximated from the displacement reading during elastic deformation of the cartilage. Contact areas of approximately 4.5 mm 2 were estimated for an impact of 0.2 J. Immediately after each impact, the area of indentation was marked with a blue ink circle.
To identify surface disruptions, four patellas initially were stained with India ink. From the patellas, blocks (5 ϫ 5 mm 2 ) of full-thickness cartilage were removed from each quadrant together with a thin layer of subchondral bone using a scalpel blade. The subchondral bone still attached to the cartilage was scraped off using a sharp scalpel blade. The specimens were fixed for 10 hours at 5Њ C in 5% glutaraldehyde, washed in a 0.06 mol/L phosphate buffer at pH 7.3, and postfixed in osmium tetroxide. 11 The osmium tetroxide had a 2% concentration at pH 6.8. Postfixation took place for 2 hours at room temperature. The specimens were washed again with a phosphate buffer, dehydrated in a graded ethanol solution (two times, 30 minutes each; 70%, 80%, 90%, 100%, and 100%), and freeze fractured in liquid nitrogen with the fracture oriented parallel to the sagittal plane of the patella. The samples were in 100% ethanol when fractured in liquid nitrogen. The specimens were immersed in hexamethyl-disilazane (Sigma Aldrich, Deisenhofen, Germany) (two times, each 30 minutes) and air dried. Finally, specimens were glued to an aluminum base, sputtered with approximately 30-nm gold coating (MED 020, Bal-Tec GmbH, Schalksmühle, Germany), and analyzed qualitatively using a scanning electron microscope (DSM982 Gemini, Carl Zeiss, Oberkochen, Germany). 11 Using an identical procedure, full-thickness cartilage blocks were taken from the remaining eight patellas, leaving the subchondral bone in situ, and were prepared for histologic analysis. Each block was stained with propidium iodide (Sigma Aldrich) and with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT thiazole blue, Sigma Aldrich, Deisenhofen, Germany). Using both staining methods on each slice allowed comparison of positively stained cells in both methods and thereby increased the accuracy of identifying functional and nonfunctional cells. Propidium iodide, generally accepted as a marker to differentiate living from dead cells, is a fluorescent stain that penetrates damaged cellular membranes and interacts with nuclear DNA. 24, 26 Thiazole blue is converted by mitochondria of living cells into formazan, a purple-black precipitate, and allows visualization of cellular viability. 14, 16, 31 Each specimen was placed in a test tube containing 1 mL of propidium iodide solution (0.1 /mL in phosphate buffered saline) at pH 7.4 for 2 minutes. The specimens then were dialyzed using an electronic shaker (1 hour; Assistent, Karl Hecht GmbH, Sondheim, Germany) to remove unbound propidium iodide. Phosphate buffered saline was drained from the test tube, and 1 mL of thiazole blue solution (1 mg/mL in phosphate buffered saline) was added. The specimens were incubated at 37Њ C for 1 hour. After the specimens were dried on paper towels, they were snap frozen with liquid nitrogen in Tissue-Tek embedding medium (Miles Diagnostics, Elkhart, IN) and kept at -80Њ C until sectioning. Three consecutive, 10-m cryosections were taken from each specimen and photographed using a light microscope (ϫ400) under normal (thiazole blue) and fluorescent light (propidium iodide). Microphotographs were recorded within 2 hours after sectioning to guarantee equal staining intensity for all sections. Each cartilage layer was divided into tangential, middle, and deep zones. The calcified zone was not included in the viability staining. Counting of the stained cells and the total number of cells in each zone was done manually by two independent observers in a blind study. Cells were counted as functional or nonfunctional based on the presence or absence of black precipitates within the cell (the ability to convert thiazole blue). Cells showing no precipitates or only trace amounts in the thiazole blue staining were classified as nonfunctional after verification under fluorescent light (propidium iodide staining). Freeze-thawed control specimens were used as positive controls. The death rate was expressed as a ratio of dead cells to total cell population:
Death Rate ϭ Number of Dead Cells/Number of Dead Cells ϩ Number of Living Cells
Because the data were nonparametric, the Wilcoxon test was used to evaluate differences in cell death rate among the control group and the groups with different impact energies and among the different cartilage zones (tangential, middle, deep, and full thickness) (SPSS 8.0, SPSS Inc, Chicago, IL).
RESULTS
At 0.2 J, forces of 12.6 Ϯ 1.5 N and deformations of 0.10 Ϯ 0.04 mm resulted in stress levels of approximately 3.0 Ϯ 0.8 MPa. Stress levels are based on estimates of the maximal contact area during impaction. Because the contact area size was determined indirectly, the stress levels (impact force divided by contact area) were only approximated. Measurements of the impact force and cartilage displacement showed general reproducibility of the impact trauma, independent of the individual impact energy level (Fig 2) . Thus, the mechanical trauma produced in the cartilage was highly standardized, and the reliability of the experimental setting as a prerequisite for additional investigations was verified. All impact energies produced a transient indentation in the articular surface. After the impact, the articular cartilage surface regained its original appearance, showing no signs of macroscopic destruction. After India ink staining, no fissures were found on the surface of any specimen. Even after maximum impact, the specimens had a normal appearance. In electron microscopic analysis, no evidence of major fissuring or structural damage was identified (Fig 3) . Compared with controls, the leaflike collagen structure 23 had a normal appearance. Differences between impacted and nonimpacted specimens could not be detected.
Similar to the macroscopic and microscopic analyses, the specimens stained with thiazole blue and propidium iodide showed no signs of structural damage using a light microscope with normal and with fluorescent light.
The staining signals in the pictures taken from cryosections under normal and fluorescent light were equally intense in all sections. Thus, the procedures distinguished clearly between the cells that survived the low-energy impact trauma (thiazole blue) and those that did not (propidium iodide). Differences were imminent among controls and impacted specimens and among the different cartilage zones.
Significant differences among the death rates for different impact energies were seen for all specimens: Increasing impact energies led to an increasing cell death rate. This significance was valid for the full thickness cartilage layer and the middle and tangential zones (Fig 4; p Ͻ 0.05 ).
In addition, death rates for the tangential and middle cartilage zones were significantly increased compared with the deep zone at higher energy levels (energy Ͼ 0.1 J; Figs 4, 5) .
DISCUSSION
In the current study, impact trauma magnitudes were identified that led to immediate cellular damage of the cartilage layer. These results suggest that before structural destruction, considerable damage is experienced at the cellular level (chondrocytes). This initial traumainduced cellular dysfunction may act as a precondition for ongoing structural tissue damage. This is particularly important because sufficient synthesis of cartilage matrix proteins is directly dependent on cell viability. The intact patellas were subjected to impact energies and stress levels far below those used in some previous in vitro 1, 2, 3, 20, 22, 30 and in vivo experiments. 19, 21, 27 The impact produced by the drop tower device was monitored by means of force and displacement measurements. The measurement frequency was limited (60 Hz), and transient peaks of force may have exceeded the given loading by a few percent. The contact area size was determined indirectly, so stress levels (impact force divided by contact area) were only approximated. However, the approximated stresses resulting from these impact forces (Ͻ 4 MPa) were below those reported from most previous analy-ses. Adams et al 1 used reduced stress levels but repetitively loaded specimens, which led to microscopic fissuring of the tissue. Only if impact intensity is reduced drastically can signs of matrix damage or cartilage degradation not be expected. 17 To show the initial damage mechanism that is initiated by a blunt impact trauma, low energy levels were selected in the current study. This allowed concentration on the cellular and structural damage of cartilage, evolving from trauma energies not associated with macroscopic changes. From the clinical viewpoint, this is of interest because such changes usually are not seen during surgical procedures in posttraumatic joint disorders. Thus, precise evaluation and understanding of these traumainduced changes could provide additional insight in posttraumatic reactions of articular chondrocytes and may help in the development of early treatment protocols in response to cartilage impact trauma.
The close relationship between initial subchondral damage and subsequent structural failure of the cartilage layer has been described. 2, 21, 30 Consequently, cartilage damage is clinically concluded from bone fractures or visible damage in arthroscopy. In a clinical setting, cartilage regions without obvious signs of structural damage are considered intact. The experimental and clinical focus in cartilage healing currently is on joint areas showing considerable structural destruction, such as fissuring or fibrillation. The initial damage occurring on a cellular level is widely neglected.
The structural integrity of a cartilage layer allows keeping the internal pressure at considerable levels and thereby avoids additional damage to the joint surface. 29 In addition to structural integrity of the collagen structure, chondrocyte function is a major prerequisite for cartilage viability. Malfunction or nonfunction of chondrocytes has been described as the starting point of joint diseases such as osteoarthrosis. 4 A reduced number of vital chondrocytes minimizes the capacity of the cartilage layer to undergo regeneration processes. Thus, reduced chondrocyte viability is at least partly an indicator for the immediate extent of an injury and for its potential to initiate regenerative processes. The current protocol allowed specimen viability to be preserved by specimen preparation, impacting, and staining within 12 hours after sacrifice to avoid side effects from longterm storage, which might influence histologic outcome. 5 All sections showed a corresponding staining pattern with propidium iodide for compromised cell membranes and thiazole blue for mitochondrial activity. Staining and counterstaining allowed distinguishing between viable and nonviable cells.
The quantitative analysis of cell viability showed that even low-impact energies are sufficient to significantly increase cell death rate compared with the control group. Elevating energy levels increased cell death rate. Statistical significance between different energy levels proves the considerable damage experienced by the cartilage chondrocytes, with energy levels of only 10% of those used in previous studies. 3 The effect of increased death rate with enlarged impact energy was most pronounced in the tangential and middle zones. This is in contrast to earlier findings that suggested a pronounced destruction in the subchondral region. 10, 30 Because subchondral damage was not visible in the current study, the findings suggest that cell damage in the superficial zone may precede structural failure within the subchondral region. Because of the high energy levels, previous investigations on blunt impact trauma were unable to differentiate between the initial damage to the cartilage layer and subchondral destruction. 2, 3, 10, 22, 30 Neither surface fissures (India ink staining) or structural damage (electron microscopy) were found in the current low-impact investigation. Minor damage of matrix tissue (swelling) may have occurred, 28 although it was not determined in the current study.
The current data are limited to a nonhuman species and focus on a direct posttraumatic situation, excluding regenerative and degenerative effects. However, concerning collagen structure, joint cartilage in pigs is comparable to joint cartilage in humans. 12 Results of the current study show that chondrocyte death precedes gross structural damage in blunt cartilage impact trauma. Findings of the current study should draw the attention of the orthopaedic surgeon to the cellular level, where chondrocyte viability is compromised in response to trauma, even when the cartilage appears untouched. Thus, surgery should be directed toward preserving cartilage viability to minimize persistent posttraumatic joint disorders. The unique approach of the current model is to artificially produce cellular damage without gross structural alterations. In addition, the current model allows isolated studies to be done on cellular reactions and posttraumatic changes without gross matrix damage.
Additional studies are needed to determine the initial biologic response after low-impact trauma to illuminate the processes of posttraumatic joint degeneration. Finally, understanding of cartilage damage processes would help intensify early clinical treatment and reduce the risk of posttraumatic osteoarthrosis.
